weather analysis, data assimilation in weather forecasting and climate monitoring. The Japan Meteorological Agency (JMA) operates 16 stations in Japan and at the Showa station in Antarctica for upper-air observations, one of which is the Aerological Observatory in Tateno, Ibaraki Prefecture. The Tateno station is placed at 35°3′N 140°8′E and an elevation of 25.2m.
The 16 Japanese stations used Meisei RS2-91 type rawinsondes for observations from 1992 until 2009, when they were replaced with the Vaisala RS92-SGP type GPSsonde at Tateno and 10 other stations. Four other stations use the Meisei RS-06G type GPSsonde, and the Chichijima station uses the Sippican LMS6 type GPSsonde.
The Tateno station contributes to the GCOS Reference Upper Air Network (GRUAN, Seidel et al. 2009) established by the World Meteorological Organization (WMO), Intergovernmental Oceanographic Commission, United Nations Environment Programme and International Council for Science. Precise upper-air observations for the monitoring of long-term climate change is one of the GRUAN's purposes, and documenting changes in instruments and their properties is important in climate change research so that an instrument performance change does not introduce an incorrect climatic trend (Steinbrecht et al. 2008) . Therefore, verification of data continuity is particularly important when observation equipment is replaced, or when equipment manufacturers change their equipment or data processing method. JMA has made replacement of radiosondes to accomplish upper-air observations with higher accuracy, and they made comparison observations of radiosondes during past equipment changes (Aerological Division of JMA 1983 , Sakota et al. 1999 . Therefore, we made a series of comparison launches of the Meisei RS2-91 sonde (hereafter Meisei-91) with the Vaisala RS92-SGP sonde (hereafter Vaisala-RS92) at Tateno, deploying both instruments at once in order to verify data continuity. The replacement of radiosondes at Tateno in 2009 was the first such case among the GRUAN sites, and the verification of data continuity at Tateno could provide a model for management of instrument changes within the GRUAN.
The remainder of this paper is organized as follows. Section 2 describes the methods of dual launches and data analysis, including the explanation of two comparison methods, i.e., simultaneous sensor comparison and pressure-level comparison. Section 3 shows the results from the two comparison methods. Section 4 discusses precipitable water vapor comparison measurements with a collocated GPS receiver (4.1), sensitivity analysis on the number of dual soundings (4.2), and reanalysis of upper-air temperature trends for 1956-2010 by considering three instrumental change events (4.3). Finally, Section 5 lists the main conclusions.
Methods of dual launches and data analysis

Flight configuration and flight schedule
The Meisei-91 and Vaisala-RS92 sondes (JMA 2004; Vaisala 2006) characteristics are listed in Table  1 , and the photographs of the temperature and humidity sensors for both radiosondes are shown in Fig. 1 . The flight configurations of a dual launch are as follows (Fig. 2) . The two radiosondes were attached to the ends of a rig consisting of a 2-m bamboo pole to avoid radio interference and were launched with a balloon. The weight of the balloon was 1200 g (2000 g balloons for winter in order to obtain the data at the highest possible altitude), and the rig was suspended on a string 30 m long (60 m when the 2000 g balloons were used). The balloon typically ascended at 6 m s -1 . A paper parachute attached to the string ensured a safe drop of the rig and sondes after the balloon burst. Dual soundings were not made on days when the radiosondes were predicted to fall on land because Tateno is near the Tokyo metropolitan area posing danger to people if the dual soundings equipment fell on land.
The 15 flights, 12 UTC: 15 flights) Observations at 00 UTC (09 LST) were influenced by solar radiation, and a solar radiation correction was applied for temperature measurements in the daytime by the data processing software of each radiosonde (Table 2 for the Vaisala-RS92, and Fig. 4 for the Meisei-91 corrections). The annual variation in solar elevation angle at 00 UTC is in Fig. 3 . Dual soundings were made in each season to sample the full annual range of solar elevation angle. In winter, bursting heights of the 2000-g balloons (Fig. 5) were about 4 hPa (about 37 km); and in other seasons, bursting heights of the 1200-g balloons were about 6 hPa (about 34 km).
Preparation of radiosondes and data acquisition
Under JMA guidelines for upper-air observations (JMA 2004; Observation Division of JMA 2011), sensors of radiosondes are checked before launch to ensure the observation accuracy. The acceptable reference value deviations for each radiosonde at this pre-launch check are shown in Table 3 , and the method for accomplishing the pre-launch check is described in Appendix A.
Each processing system provided observation data, and the process of observation is described in Appendix B. Surface observation data (pressure, temperature, humidity, wind direction and wind speed) at launch time were obtained from the JMA surface observation system at Tateno.
Observation data
The Vaisala-RS92 transmitted data for each element and the pressure level at a 2-second sampling rate. The Meisei-91 transmitted data for temperature, humidity and pressure at a 4-second sampling rate. Humidity data were rejected below -40°C per JMA guidelines for upper-air observations (JMA 2004; Observation Division of JMA 2011) because the humidity sensor of Meisei-91 is unreliable at temperatures lower than -40°C. The humidity measurements of Vaisala-RS92 are useful up to -90°C (Nash et al. 2011) ; however, we did not use the measurements below -40°C. The Meisei-91 has a temperature-dependent property that provides humidity measurements higher than reference measurement. Therefore, humidity data from the Meisei-91 had a temperature-dependent adjustment applied for ranges lower than 0°C by the Meisei-91 data processing software for JMA upper-air observation (JMA 2004) . Geopotential heights were calculated from pressure, temperature and humidity data from the sensors of each sonde. Observation data from each radiosonde has a time stamp which was obtained from each observation system, and it is possible that these time stamps have some small discrepancies (a few seconds). We applied a time offset adjustment, using temperature as the driving variable, and calculated a time difference from time and temperature profiling from 5 to 10 minutes after the balloon was released. We used temperature Nash et al. 2006) . Appendix C describes the details of the time adjustment. There were some outliers in temperature and pressure measurements. These measurements were unreliable. Therefore, we calculated standard mean deviation differences from all soundings (115 samples) following the method in Appendix D, and eliminated the measurements whose temperature differences or pressure differences were larger than 3 times the standard deviation of mean differences. There were 10 temperature profiles and 2 pressure profiles that were evaluated as outliers, and they were not used for the analysis in this study. The number of dual soundings in each season for data analysis is given in Table 4 .
Data comparison methods
One of the comparison methods of dual sounding is to compare the simultaneous observation data on the basis of elapsed time after balloon release, assuming that both radiosondes measure the same air parcel, so as to accurately assess differences in sensors and adjustment methods. Another method is to compare the data on pressure levels from the radiosondes. Pressure level data are defined as official sounding data and used in many ways. Therefore, we make both comparisons here.
a. Simultaneous sensor comparison
The Meisei-91 sampled the temperature, humidity and pressure data every 4 seconds. The simultaneous sensor comparison method is as follows. First we calculated differences in measured values after the time adjustment, and then allocated these data into the following 13 pressure layers based on Meisei-91 pressure data, i.e., 1000-700 hPa, 700-500 hPa, 500-300 hPa, hPa, 15-10 hPa, and 10-5 hPa. We calculated the mean, mean difference and standard deviation for each of these pressure layers (Aerological Division of JMA 1983; Sakota et al. 1999) , defining the difference as Vaisala-RS92 data minus Meisei-91 data. Statistical data for each pressure level were calculated for each observation time (00 UTC or 12 UTC) and for each season. Therefore this verification method compares the data from both radiosondes, which measured the same air parcel. Appendix D describes the details of this comparison process.
b. Comparison on pressure levels
We analyzed the pressure level data obtained from the observation system of each radiosonde (at 1000, 925, 900, 850, 800, 700, 600, 500, 400, 350, 300, 250, 200, 175, 150, 125, 100, 70, 50, 40, 30, 20, 15, 10, and 5 hPa) . The altitude at which pressure-level data were obtained is generally different for different flights and different radiosonde systems. Statistical data for each pressure level were calculated for each launch time (00 
Results
Simultaneous sensor comparison for temperature, relative humidity, pressure and geopotential height
The number of soundings at specific pressure layers from all 103 dual soundings (52 at 00 UTC and 51 at 12 UTC) that yielded temperature and humidity comparison data is plotted in Fig. 6 . The number of humidity data in the 300-200 hPa layer in spring and winter was small because temperatures were below -40°C, under the humidity measurement threshold; therefore most of the humidity data in this layer were obtained in summer and autumn.
Profiles of mean temperature from all observations and the mean difference in temperature (Vaisala-RS92 value minus Meisei-91 value) at 00 UTC and 12 UTC are plotted in Fig. 7 . Temperatures measured by the Vaisala-RS92 in the 1000-500 hPa and 100-50 hPa layers are higher than those from the Meisei-91 at both observation times. In 12 UTC observations, temperatures from the Vaisala-RS92 are 0.1-0.4 K higher than those from the Meisei-91 above the 100 hPa layer. In 00 UTC observations, the Meisei-91 temperatures are ~0.1 K higher above the 30 hPa layer.
Mean temperature differences (Vaisala-RS92 minus Meisei-91) vary in the four different seasons (Fig. 8 ). In the 00 UTC observations, Meisei-91 temperatures are higher than Vaisala-RS92 temperatures above the 15 hPa layer in winter and above the 30 hPa layer in spring and autumn, but lower in the other pressure layers. The number in the upper levels (from10 to 5hPa) of autumn is smaller than other seasons (Table 4) in the 12UTC observations. Therefore, the standard deviation in the 12UTC observations for autumn is large. In summer, Vaisala-RS92 temperatures are higher in all pressure layers (at 00 UTC). In the 12 UTC observations, Vaisala-RS92 temperatures are higher than Meisei-91 temperatures in the 1000-500 hPa layer and above the 100 hPa layer, but lower in the 300-200 hPa layer. The standard deviation in temperature difference is smaller in winter than in other seasons. Meisei-91 humidity values are higher than those of the Vaisala-RS92.The percentage of humidity difference in Meisei-91 humidity values (Fig. 9b) is larger than Vaisala-RS92 by about 10% in ranges larger than 10%RH. At very low humidity conditions (<10% RH), the positive bias in the percentage differences tends to be quite large for some cases.
The humidity difference (Vaisala-RS92 minus Meisei-91) for different pressure layers using 4-second data is plotted in Fig. 10 . The difference increases in proportion to humidity in all the pressure layers. Humidity data from the Meisei-91 are consistently Fig. 7 . Profiles of (a) mean temperature from the Meisei-91 radiosondes and (b) the differences in temperature between the two radiosonde types (Vaisala-RS92 minus Meisei-91) for all seasons from the simultaneous sensor comparison. The 00 UTC and 12UTC observations are separately shown for both panels. higher than those from the Vaisala-RS92. The difference is about 10% of the relative humidity value at relative humidities greater than 20% RH. The mean humidity difference is somewhat larger in the relatively cold 500-300 hPa layer than in the 1000-700 hPa layer. There is little difference in distribution between 00UTC and 12UTC. The dependence of humidity differences on temperature is plotted in Fig. 11 . The humidity differences are mostly negative above 0 o C. Also, the dispersion of humidity difference is somewhat larger below 0 o C than above 0 o C. The sign change at 0 o C may be in part caused by the temperature-dependent humidity correction of Meisei-91. The correction is applied only below 0 o C by the Meisei-91 data processing software to correct wet biases (JMA 2004) . Figure 12 shows the vertical profile of mean humidity difference. The humidity difference is about 5% RH and slightly greater in autumn than in other seasons. The weather at launch in autumn was often rainy or cloudy (the fractional cloud coverage was 7 or 8, where 8 corresponds to the full cloud coverage) with very humid conditions at the surface. Figure 10 shows that higher humidity conditions are associated with larger humidity differences. The humidity difference as a function of height has no clear characteristics, and the results of Figs. 9, 10 suggest that the humidity difference depends more on RH values at each level rather than height. Figure 13 shows the mean difference (Vaisala-RS92 minus Meisei-91) in pressure and height for the 00 UTC and the 12 UTC observations. Most pressure differences are positive, that is, Vaisala-RS92 pressures are greater than Meisei-91 pressures. Above the 100 hPa layer, the difference is 0.5-0.6 hPa and almost constant. Because geopotential heights are calculated from pressure, the height differences increased with height as a direct result of this pressure difference. Figure 14 shows the mean differences in geopotential height obtained from the pressure measurements of Vaisala-RS92 (P-height) and from GPS altitude measurements (GPS-height) of Vaisala-RS92 at 00 UTC and 12 UTC. The differences are about a half of the mean difference in height between (Figs. 13c, d) . Therefore, the Vaisala-RS92 pressure sensor may have negative biases and the Meisei-91 sensor has positive biases of a similar magnitude in the stratosphere with respect to the GPS measurements. Tables 5-8 show the mean differences in temperature, humidity and height on pressure levels at each observation time and in each season from the pressure-level comparison explained in Sub-subsection 10 . Dependence of the relative humidity difference on humidity value for (a) 1000-700 hPa, (b) 700-500 hPa and (c) 500-300 hPa layers at 00UTC, and (d) 1000-700 hPa, (e) 700-500 hPa and (f) 500-300hPa layers at 12UTC from the simultaneous sensor comparison.
Pressure-level comparison for temperature and humidity
2.4.b and Appendix E. Figure 15 shows the profiles of mean temperature differences and their standard deviations. We see that temperatures from the Vaisala-RS92 are 0.1-0.6 K higher than those from the Meisei-91 from 1000 to 500 hPa, and the temperatures from Meisei-91 are 0.1-0.3 K higher than those from the Vaisala-RS92 at 300hPa at all times. In 12 UTC observations, the temperatures from the Vaisala-RS92 are higher than those from the Meisei-91 above the 30 hPa level except in winter, and in 00 UTC observations, the difference is positive above the 100 hPa level in summer. These results are similar to the simultaneous comparison results. The humidity measurements from the Meisei-91 are about 5% RH higher than those from the Vaisala-RS92 (Fig. 16) , similar to the simultaneous comparison results. In 00 UTC observations, the differences above 600 hPa level are smaller in spring than in other seasons. In autumn, the differences in humidity are larger than 5% and larger than the differences in other season above the 500 hPa level. 
Summary of the comparison results
The results from comparisons of Meisei-91 and Vaisala-RS92 radiosondes are summarized as follows:
(1) The temperature from the Vaisala-RS92 was 0.1-0.4 K higher than that from the Meisei-91 above the 100 hPa layer in 12 UTC observations, and the temperature from Meisei-91 was ～0.1 K higher than that from the Vaisala-RS92 above the 30 hPa layer in the 00 UTC observations.
(2) Relative humidity from the Meisei-91 was 5%RH higher than that from the Vaisala-RS92, particularly under very humid conditions.
(3) Pressure from the Vaisala-RS92 was 0.5 hPa greater than that from the Meisei-91 above the 100 hPa level. Comparison with the Vaisala-RS92 GPS altitude measurements suggested that the Vaisala-RS92 pressure sensor may have positive biases, and the Meisei-91 sensor has negative biases of a similar magnitude in the stratosphere.
Discussion
Comparison with GPS precipitable water vapor
measurements To investigate systematic differences in radiosonde relative humidity measurements, we compare the precipitable water vapor (PWV) measurements obtained through two different methods: The atmospheric path delay method (Mannoji 1998) , based on a collocated ground-based GPS receiver measurements at the Tateno station and a method based on radiosonde observations. PWV is the total amount of water vapor in a column of air over a unit area, and is expressed as a water depth if all water vapor in the air column is condensed into water. Because most of the atmospheric water vapor exists in the lower troposphere, the PWV comparisons show differences mostly in the lower troposphere.
We should pre-check the reliability of the GPS receiver measurements in order to use them for validation of radiosonde measurements. Rocken el al. (1995) Fig. 14. Profiles of mean differences and the standard deviation for geopotential height calculated from Vaisala-RS92 pressure, temperature, and relative humidity measurements (P-height), and from Vaisala-RS92 GPS altitudes measurements (GPS-height) at (a) 00 UTC and (b) 12 UTC.
compared PWV from several GPS receivers to water vapor radiometer (WVR) measurements, and showed that the GPS receiver estimates and the WVR estimates agree within 1-2 mm Root Mean Square (RMS). The GPS receivers estimate the average water vapor concentration over a radius of a several ten km area (e.g., Mannoji 1998). On the other hand, radiosondes estimate the water vapor concentration along their flight route. Therefore, the PWV difference between a GPS receiver and radiosonde includes the difference associated with the measurement location difference. Sasaki and Kimura (2001) reported that the difference of changes in the amount of PWV between mountain and coast in the Kanto plane, Japan, where Tateno is located, is about 5mm at the maximum. PWV is obtained from radiosonde data by integrating a mixing ratio for the measurement pressure range (Nishimura et al. 2003) :
where r is the mixing ratio of water vapor, g is gravitational acceleration, p is pressure, P surface is the pressure at the launching place, and P top is the pressure at the top of the humidity measurement (the limit of the humidity measurement is -40 o C in temperature for this study). The water vapor mixing ratio is derived from radiosonde temperature, relative humidity and pressure data.
The average and standard deviation of PWV from the GPS receiver during the radiosonde comparison campaign were 14.4/6.2 mm in spring, 34.7/12.4 mm in summer, 33.0/9.8 mm in autumn, and 10.5/4.8 mm in winter. Figure 17 shows the PWV differences estimated from the two radiosonde types and the GPS receiver. The RMS differences in PWV between the GPS receiver and the radiosondes are about 1.4 mm for the Vaisala-RS92 and about 1.8 mm for the Meisei-91 (Fig. 17a) . The mean PWV differences of the Vaisala-RS92 minus the GPS receiver are about -0.5 mm for 10-30mm bins, and about 0 mm for 30-50 mm bins ( Fig. 17b) . On the other hand, the mean PWV differences for the Meisei-91 minus the GPS receiver are smaller than +0.4 mm for 10-30 mm bins, and about +2 mm for 30-50mm bins. These results mean that the PWV value from the GPS receiver fall between those of the two radiosondes. Vaisala-RS92 underestimates the PWV for 10-30 mm bins and Meisei-91 overestimates the PWV for 30-50 mm bins in comparison with the GPS receiver. Note that the limit of the relative humidity measurement for this study is -40 o C, but the Vaisala-RS92 gives relative humidity data also below -40 o C. It was found that the difference between the Vaisala-RS92 PWV obtained down to -40 o C estimated from all observation data (up to the balloon burst height) is about 0.1 mm on average, and the standard deviation was about 0.4 mm. Therefore, the measurement temperature limitation has negligible influence on the results.
Sensitivity analysis for the number of dual sound-
ings It is very helpful to know how many dual soundings are actually needed to obtain a statistically stable result. Therefore, we made a sensitivity analysis by randomly subsampling our data set, and saw changes in the standard error of the mean difference. Note that 00 UTC and 12 UTC data were combined in this analysis. Figures 18, 19 and 20 show the standard errors of mean difference for temperature, relative humidity, and pressure, respectively. The standard deviations in mean differences were calculated for each of the 13 pressure layers from 4-second data (see Appendix D), and 5, 10, 20 and 30 soundings were chosen randomly for each season from all 115 observations. The standard errors for temperature are smaller than ~0.1K from 1000 to 50 hPa when the number of sounding is larger than 20, and increase above the 50 hPa layer because of the differences in burst height for each sounding. In the case of relative humidity, the standard errors are smaller than ~1% RH from 1000 to 300hPa when the number of soundings is larger than 20 and increase with height. On the other hand, the standard errors for pressure are almost constant with height if the number of soundings is larger than 20. We randomly picked 20 soundings from all data, 5 times for each season, and the results were found to be robust.
The influence of switching radiosonde instruments on long-term temperature trend detection
Upper-air observations are typically referenced at standard pressure levels as in the TEMP code, and upper-air data on pressure levels are quite important for long-term monitoring of climate. Our results indicate the possibility that data on pressure levels are influenced by transitions from one type of radiosonde to another. Uesato et al. (2008) analyzed temperature trends over 50 years using pressure level data at Tateno by making corrections for the past two radiosonde tran- sitions in March 1981 (Aerological Division of JMA 1983) and in October 1992 (Sakota et al. 1999 ) using comparison observation data. For example, they found an upward trend of +0.20 K per decade at the 850 hPa pressure level. On the other hand, our study found a comparable temperature difference of 0.2-0.4 K at 850 hPa due solely to the transition in radiosondes (Table  5) . Therefore, data adjustment at instrument transitions is critical for trend analysis. We reanalyze upper-air temperature trends at Tateno by including the results from this paper for the December 2009 transition. We add the temperature difference between Vaisala-RS92 and Meisei-91 radiosondes for each pressure level (shown in Table 5 ) to the data prepared by Uesato et al. (2008) . We only use data at 12 UTC (21 LT) to avoid influence by solar radiative heating, and do not consider the seasonality of the differences in the transition adjustment. The results of the reanalysis for the period between 1956 and 2010 are shown in Fig. 21 . The dotted lines show the data without instrument transition adjustment, and the solid lines show the data with the adjustment for the three radiosonde transitions (i.e., March 1981, October 1992 and December 2009). The adjustment for the three transitions is found to increase the rate of temperature change in the troposphere (850 hPa) from +0.09 K per decade to +0.21 K per decade, that is, the reported warming trends become greater. The adjustment is also found to increase the rate of temperature change in the stratosphere (50 hPa) from -0.26 K per decade to -0.39 K per decade, that is, the cooling trends also become greater. It should be noted here that in many previous studies (e.g., Lanzante et al. 2003) , adjustments generally decrease tropospheric warming and stratospheric cooling. The differing results obtained in this paper are due to the difference in the adjustment method. For example, Lanzante et al. (2003) identified artificial discontinuities through visual examination of time series plots and statistical procedures. Our results emphasize the need to accurately account for the effects of instrumental changes in radiosoundings and other measuring instruments. The accuracy of the pressure sensors has also changed, and the effects of the pressure sensor changes might be more significant than those of the temperature sensor changes for climatic data analysis (Nash et al. 2011) . Unfortunately, the information on the pressure sensor comparison is not available for the former two transitions.
Conclusions
The comparisons between the Meisei-91 and Vaisala-RS92 radiosondes demonstrated the differences in data from these instruments. Temperature from the Vaisala-RS92 was 0.1-0.4 K higher than that from the Meisei-91 above the 100 hPa layer in night time observations; and the Meisei-91 temperatures was ~0.1 K higher above the 30 hPa layer in day time observations. Relative humidity data were compared at temperatures only down to -40 o C. The Vaisala-RS92 measurements were up to ~5% RH drier than the Meisei-91 measurements, particularly under humid conditions; and were especially large in autumn because of very wet conditions. Also, the percentage difference was quite large in very dry conditions (<10% RH). The Vaisala-RS92 pressure was about 0.5 hPa higher than the Meisei-91 pressure in the stratosphere. Comparison with Vaisala-RS92 GPS altitude measurements suggested that the Vaisala-RS92 pressure sensor may have positive biases and the Meisei-91 sensor has negative biases of a similar magunitude in the stratosphere. The difference in relative humidity data between the two radiosondes is considerable, and we further investigated it by using independent precipitable water vapor data obtained from a collocated GPS receiver. The GPS PWV values fell between those from the two radiosondes. Therefore, there is a possibility that both radiosondes have biases with opposing signs. The Vaisala-RS92 relative humidity sensor is known to have a solar radiation dry bias of up to ~50% in the upper troposphere (Vömel et al. 2007; Miloshevich et al. 2009 ). The software that we used was version 3.63 of Vaisala's DigiCORA Sounding System. but there is a report that the humidity data processing algorithm of new software version 3.64 has been improved to take into account sensor's slow response time at low temperature and sensor's heating error by solar radiation; both of which become significant in the upper troposphere (Vaisala 2011) . During the WMO Intercomparison of High Quality Radiosonde System (Nash et al. 2011 ), Vaisala-RS92 radiosondes were used with the version 3.64 software and good humidity observations were reported. Therefore, the Vaisala-RS92 relative humidity measurements with the version 3.64 software would not be so dry when compared to the Meisei-91 measurements, and the humidity differences between these two radiosondes would be smaller than the results shown in this paper.
Furthermore, the new version 3.64 software applies a new solar radiation correction for the temperature measurement (Vaisala 2011) . This new solar radiation correction algorithm takes into account the radiosonde ventilation effects during the flight. Therefore, the accuracy of the Vaisala-RS92 temperature measurements was also improved shortly after our comparison soundings. Therefore, the users of Vaisala-RS92 radiosondes (and other radiosondes as well), including us, should keep and disclose the software information for users to evaluate data quality.
We also made a sensitivity analysis on the number of dual soundings by randomly subsampling our data set. The results showed that more than 20 flights in each season are necessary for all parameters to obtain statistically stable results.
In addition, we reanalyzed long-term temperature trends using the comparison data set at the three radiosonde transitions (March 1981 , October 1992 , and December 2009 in order to address the data continuity issue. The results indicated that the temperature difference between the Vaisala-RS92 and Meisei-91 is comparable to the actual 10 year temperature changes. We have not analyzed long-term humidity trends. This is because some minor instrumental change occurred within the humidity sensors between transitions, but the impacts were not thoroughly investigated by comparison soundings. Therefore, it is very difficult to analyze humidity trends with sufficient precision. However, our temperature results suggest that the instrumental changes would affect the long-term trend estimates significantly.
Validation of observational datasets that account for the transitions in measurement instrumentation is necessary for long-term analysis of climate data. The information about the differences between radiosondes is absolutely necessary for analyzing future climate trends. We have illustrated this case using the instrument transition at Tateno station and temperature trend reanalysis as an example of comparison data utilization. Precise upper-air observations for the monitoring of long-term climate change are one of the GRUAN's purposes. The results of shown in this paper will be utilized in the GRUAN's and other relevant activities.
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Appendix A: Pre-launch check of radiosondes
The accuracies of temperature and humidity sensors of the Vaisala-RS92 radiosonde were checked using Vaisala Ground Check Set GC25. The temperature sensor was checked using the temperature reference unit in the chamber of GC25. The GC 25 chamber includes desiccant (molecular sieves) which provides the 0%RH humidity reference, and the humidity sensor was checked in the chamber. The humidity difference at ground check was used to adjust the observation data. Therefore, the desiccant was refreshed when the humidity difference at ground check was larger than 2%RH. However, the humidity data can have an error which is introduced as a result of the absorption of humidity by the desiccant.
Sensors of the Meisei-91 radiosonde were checked using an atmospheric chamber (JMA 2004) . Reference temperature and humidity values were obtained with a psychrometer in the chamber. The chamber was ventilated with a wind of about 6 m s -1 . The reference pressure value for both radiosondes was obtained from the routine surface observation at Tateno, and the deviation from this reference value was used to adjust observational data for both radiosondes.
When the deviations from reference values for temperature, humidity and pressure were within a specified limit (Table 3) , these results were used to adjust observational data for both radiosondes, except for the temperature and humidity observations of the Meisei-91.
Appendix B: The observation process
Observational data from the Vaisala-RS92 radiosonde were received by the Vaisala Telemetry Antenna (RB31) and converted into each meteorological element by the Vaisala Sounding Processing Subsystem (SPS311), and then sent to the Vaisala DigiCORA Sounding System (version 3.63) to calculate observed values.
The Meisei-91 radiosonde used a JMA-91 type sounding system (Meisei). The analog signals from the radiosonde were received by automatic direction-finding equipment and converted into measurement values for each element by a signal converter, and then the observed values were calculated. Height data were derived from the hypsometric equation using pressure, temperature and humidity values.
The surface observation data at launch time (pressure, temperature, humidity, wind direction and wind speed) were obtained from the routine surface observation at Tateno.
Appendix C: Method of time adjustment of observational data
Temperature profile data were used between 5 and 10 minutes after balloon release when the temperature difference between radiosondes was smaller than 1K. If this condition is not satisfied, the data in any 5-minute period between 10 and 25 minutes in which the temperature difference between radiosondes was smaller than 1K were used. We used temperature data 5 minutes after the launch to avoid the unwinding of the string holding the dual radiosonde rig. We calculated a correlation coefficient for the time difference between the 2-second data of the Vaisala-RS92 and the interpolated 1-second data of the Meisei-91. Then we found the time lag yielding the best-fit cross-correlation coefficient. A histogram of the time offset between the Vaisala-RS92 and the Meisei-91 showed the majority at -1 second (58 cases), and the largest offsets of -4 seconds (1 case) and +2 seconds (3 cases).
Appendix D: The method of simultaneous sensor comparison
We defined T i V and T i M as measurement values from the Vaisala-RS92 and Meisei-91, respectively, at the 4 seconds time step i. These data were sorted into 13 pressure layers based on the pressure data P i M from the Meisei-91, that is, 1000-700, 700-500, 500-300, 300-200, 200-150, 150-100, 100-70, 70-50, 50-30, 30-20, 20-15, 15- 
where i s and i e are the observation counts of the first and last data points, respectively, when P i M is in that pressure layer.
Statistics for each pressure layer were calculated for every observation time and season, being based on the N soundings made in the order K = 1,2,…,N.
The ensemble mean for each pressure layer is 
The ensemble mean difference for each pressure layer is The pressure levels for comparison are 1000, 925, 900, 850, 800, 700, 600, 500, 400, 350, 300, 250, 200, 175, 150, 125, 100, 70, 50, 40, 30, 20, 15, 10 
The mean difference for each pressure level is 
